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Abstract 13 
 14 
The quality of ultrasound computed tomography imaging is primarily determined by the 15 
accuracy of ultrasound transit time measurement. A major problem in analysis is the overlap 16 
of signals making it difficult to detect the correct transit time. The current standard is to apply 17 
a matched-filtering approach to the input and output signals. This study compares the 18 
matched-filtering technique with active set deconvolution to derive a transit time spectrum 19 
from a coded excitation chirp signal and the measured output signal. The ultrasound wave 20 
travels in a direct and a reflected path to the receiver, resulting in an overlap in the recorded 21 
output signal. The matched-filtering and deconvolution techniques were applied to determine 22 
the transit times associated with the two signal paths. Both techniques were able to detect the 23 
two different transit times; while matched-filtering has a better accuracy (0.13 μs vs. 0.18 μs 24 
standard deviation), deconvolution has a 3.5 times improved side-lobe to main-lobe ratio. A 25 
higher side-lobe suppression is important to further improve image fidelity. These results 26 
suggest that a future combination of both techniques would provide improved signal 27 
detection and hence improved image fidelity. 28 
 29 
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I. INTRODUCTION  1 
The fundamental basis of conventional pulse-echo and innovative transmission computed 2 
tomography ultrasound (also known as ultrasound computed tomography USCT) imaging is 3 
measurement of transit time associated with tissue propagation and interface interactions; 4 
hence it is envisaged that image fidelity will improve with increased accuracy and precision 5 
of transit time measurement. We may describe the received ultrasound signal following 6 
propagation through tissues, in both pulse-echo and transmission modes, as a Transit Time 7 
Spectrum (TTS).  8 
Ultrasound signal detection systems are limited by their bandwidth. The accuracy of 9 
localisation depends on both the resolution and signal to noise ratio (SNR) [1]. The 10 
resolution is proportional to the centre frequency of the system. The SNR has two 11 
sources: the relationship between energy emitted and transferred versus the noise 12 
energy of the imaging system; and secondly, artefacts introduced by the signal 13 
processing chain itself. As an alternative perspective, the object localisation ambiguity 14 
introduced is caused by the limited bandwidth of the system and the pulses used. In the 15 
context of signal filtering, these ambiguities are also called side-lobes [2], [3]. Reduction 16 
of the noise-inducing side-lobes, along with subsequent reduction in SNR and image 17 
contrast, is discussed in this Technical Note. 18 
 19 
The aim of this study was to compare the side-lobe suppression performance derived 20 
from the recently described ultrasound signal processing technique of active-set 21 
deconvolution [4] with that derived by the established technique of matched-filtering [5].  22 
II. MATERIALS AND METHODS 23 
A. Experimental Set-Up 24 
Two coaxially aligned ultrasound transducers (transmitter and receiver), separated by 25.87 25 
cm, were positioned in a water bath 3.94 cm under the surface as shown in figure 1. The 26 
receiver consisted of a square array of 3x3 detector elements with a centre to centre distance 27 
of 1.95 mm. The water-air interface acted as a perfect reflector; hence the received ultrasound 28 
signal may consist of the ultrasound wave from the direct path between the two transducers 29 
(S1) and a secondary ultrasound wave reflected from the water-air interface (S2).  30 
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 1 
Figure 1: Experimental set-up. S1=25.87 cm is the distance between emitter and receiver, 2 
d=3.94cm is the distance along the z-axis between water surface and centre of the receiver. 3 
S2=27.04 cm is the signal path, which is reflected at the water-air surface and detected by the 4 
central receiver elements. All elements have an equal spacing of 1.95 mm from centre to 5 
centre. 6 
 7 
A coded excitation chirp signal of 12.7 μs length was used as the transmitting signal and a 8 
total of nine measured signals from each detector, so called A-scans, were recorded for 9 
analysis. Chirp signals were used to obtain a better signal to noise ratio. The linear chirp has a 10 
centre frequency of 2.4 MHz, a 3 dB bandwidth of approximately 1 MHz and has a sinodial 11 
damping function, which is shown on the left hand side of figure 2. 12 
 13 
 14 
 15 
Figure 2: Coded excitation chirp signal with a centre frequency of 2.4 MHz, 1 MHz 16 
bandwidth and 12.7 μs length. Left: time domain, right: magnitude in Fourier-domain. 17 
 18 
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B. Expected Transit Time values 1 
An ultrasound velocity of 1509.6±2.7 m/s through water (vw) was experimentally 2 
measured at a temperature of 30.2 °C. Using the relationship to calculate transit time 3 
(t=s/vw, where s is the propagation distance) for the S1 path, the expected transit time 4 
was 171.3 μs. For the S2 propagation path, three transit times are expected noting the 5 
design of the ultrasound transducer array (shown in figure 1), calculated to be 179.1 μs, 6 
179.5 μs and 179.9 μs respectively.  7 
 8 
C. Derivation of Transit Time Spectrum via Deconvolution 9 
Noting that the ‘output’ ultrasound signal may be described by the convolution of the 10 
TTS and the ‘input’ signal, the TTS was derived by the inverse solution of 11 
computational deconvolution of the computer-generated input and experimentally 12 
measured output ultrasound signals [4], [6], [7]. The underlying algorithm is based on 13 
the active-set-method as described by Landi and Zama [8]. The active-set method is 14 
applied in the time-domain, the solution being constrained such that the resultant 15 
transit time spectrum only contains positive values. The maximum amplitude spectral 16 
peak corresponds to the transit time of the primary ultrasound path. 17 
D. Derivation of Transit Time Spectrum via Matched-Filtering 18 
The computer-generated input signal was transferred to the frequency-domain, conjugated, 19 
and multiplied with the experimentally measured output signal. The result was then 20 
transformed back to the time-domain. Matched-filtering is achieved by applying pulse 21 
compression, thereby increasing the signal-to-noise ratio (SNR), along with a group 22 
delay correction. For instance, if the relative amplitude is increased by a factor of three 23 
via pulse compression (as shown in figure 3 left), the resultant pulse is symmetrical and 24 
resembles a Dirac pulse approximation with limited bandwidth. Although temporal 25 
side-lobes are still observed, being approximately 50% of the main-lobe width, the 26 
bandwidth is retained (as shown in figure 3 right). 27 
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 2 
  Figure 3: Matched filtered output of the linear chirp in time domain (left) and in Fourier 3 
domain (right). 4 
 5 
III. RESULTS AND DISCUSSION 6 
The measured output signals for the nine A-scans are shown in figure 4. The experimental 7 
set-up of nine element pairs ensured consistency of A-scan recording, eliminating 8 
potential measurement errors due to temperature drifts or mechanical movement of 9 
objects when performing repeated measurements over time.  The intermediate drop of 10 
signal amplitude at approximately 178 µs is due to lower transducer response between 11 
1.7 MHz and 2.5 MHz within the frequency-swept chirp. A secondary artefact source is 12 
the data acquisition hardware’s internal finite impulse response band-pass filtering 13 
which further reduced the bandwidth. 14 
Two techniques have been applied in order to detect the two predicted peaks, matched-15 
filtering and digital deconvolution using the active set method. The direct transmission path, 16 
(S1) had an expected transit time t1=171.3 μs, with the reflected path (S2) having three transit 17 
times of t2=179.5 μs, 179.5 μs and 179.9 μs. However, the measured signal in figure 4 shows 18 
that the two signals are indeterminable in the raw data. Figure 5 shows the new output signals 19 
after applying matched-filtering. The maximum amplitude of the signals is shifted to the left 20 
(where the time information is) and the length of the overall signal is integrated in a shorter 21 
signal with a higher signal to noise ratio (“time compression”). The position of transmission 22 
signal S1 and the reflection signal S2 may be clearly identified, but strong side-lobes artefacts 23 
exist, contributing to noise. The source of these side-lobe artefacts, as shown on the right 24 
-5 -4 -3 -2 -1 0 1 2 3 4 5
-3
-2
-1
0
1
2
3
4
re
la
tiv
e 
am
pl
itu
de
time [s]
0 1 2 3 4 5
0
10
20
30
40
50
60
re
la
tiv
e 
m
ag
ni
tu
de
frequency [MHz]
6 
 
hand side of figure 5, is the limited bandwidth provided by the ultrasound transducers. The 1 
side-lobes are strongest near the main-lobe and become weaker with every periodicity, 2 
being symmetrical on both sides of the matched-filtered signal. The time-range of a side-3 
lobe span is inversely proportional to the available bandwidth. It is also noteworthy that 4 
matched-filtering can lead to side-lobe artefact signal components that are detected 5 
before the earliest physically-possible time of arrival. This is due to a change in meaning 6 
of the signal to a “statistical probability of existence” caused by matched-filter signal 7 
processing within a limited bandwidth. 8 
 9 
Figure 4: Nine measured A-scans (output signals), normalised to maximum amplitude. 10 
 11 
 12 
Figure 5: Left: A-scan output signals after applying matched-filtering. The signal is 13 
normalised to maximum amplitude. Right: magnified view (corresponding to 165 µs to 14 
172 µs) of matched-filtered A-scan, showing the main-lobe and side-lobes of the signal. 15 
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 1 
Figure 6: Transit time spectrum of each A-scan after matched-filtering and optimal signal 2 
detection approach. The results are normalised to maximum amplitude. 3 
 4 
In order to obtain optimal signal detection and to reduce the side lobes, negative signal 5 
contributions and below threshold noise are rejected. This step results in a transit time 6 
spectrum and is shown in figure 6. The Hilbert transformation of the transit time spectra is 7 
shown in figure 7. 8 
The transit time spectra derived via deconvolution are shown in figure 8 and the Hilbert 9 
transformation of the deconvolution derived TTS is shown in figure 9. 10 
 11 
 12 
 13 
 14 
 15 
Figure 7: Hilbert transformation of the transit time spectra of each A-scan derived via 16 
matched-filtering, normalised to maximum amplitude.  17 
160 170 180 190
0
0.2
0.4
0.6
0.8
1
re
la
tiv
e 
am
pl
itu
de
time [s]
160 170 180 190
0
0.2
0.4
0.6
0.8
1
re
la
tiv
e 
am
pl
itu
de
time [s]
8 
 
 1 
Figure 8: Transit time spectrum of each A-scan derived via deconvolution of the input signal 2 
(chirp excitation) and each measured A-scan. The result is normalised to maximum 3 
amplitude.  4 
 5 
Figure 9: Hilbert transformation of the transit time spectrum of each A-scan derived via 6 
deconvolution. The spectra are normalized to maximum amplitude. 7 
 8 
 9 
Both the matched-filtering and the deconvolution approach show transit time spectra with 10 
two distinct peaks at the expected values of t1 and t2. The mean main-lobe to side-lobe 11 
ratio of the direct path peak (at t1) is calculated by taking the amplitude of the first side 12 
lobe left and right of the main lobe and conversion into dB notation (ratio [dB] = 13 
10·log[side-lobe amplitude/main-lobe amplitude]). Table 1 lists the resulting ratios and 14 
shows that the main-lobe to side lobe ratio is improved when applying the deconvolution 15 
method (mean value = -2.58 dB) compared to the matched-filtering method (mean value 16 
= -0.62 dB). Although the deconvolution method shows a larger variability in transit 17 
time values, it nevertheless demonstrates a better mean-ratio and better worst-case-18 
ratio for all individual signals compared with matched-filtering. The reason for the 19 
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variability and higher standard deviation of the deconvolution derived main lobe to side 1 
lobe ratios might be due to the numerical approach to find the solution of the TTS. The 2 
nature of the variability is subject to future investigation. 3 
The accuracy of the transit time location (t1 and t2), i.e. the position of the two distinct 4 
peaks, for each A-scan is shown in figure 10 and 11. The horizontal solid lines indicate the 5 
expected value. The matched filter approach reliably predicts t1 with 100% accuracy, 6 
whereas t1 is slightly underestimated by 0.1 µs to 0.2 μs in 5 of 9 measurements using the 7 
deconvolution method. It is noted however that deconvolution was performed on the 8 
experimental ultrasound output signal and the computer-generated input signal; hence, the 9 
transmit transducer’s transfer function (TTF) was not incorporated; future work will 10 
determine whether inclusion of the TTF improves time accuracy. 11 
Both techniques show similar prediction for t2. The t2 values are more scattered due to the 12 
different location of each detector element within the receiving transducer (figure 1 13 
enlargement). The position of the detectors does not influence t1 since the direct path S1 14 
remains constant for each detector element; S2 however varies slightly for each of the three 15 
rows of detection elements due to variations in path-length associated with the water-air 16 
surface reflection. For the first row, S2=27.04 cm and t2=179.1 μs; for the second row, 17 
S2=27.10 cm and t2=179.53 μs; and for the third row, S2=27.16 cm and t2=179.93 μs. The 18 
three expected times for t2 are indicated by the three horizontal lines in figure 11. 19 
 20 
Both signal analysis techniques, matched-filtering and digital deconvolution, have shown 21 
the ability to clearly distinguish the two expected signal paths. Whereas the deconvolution 22 
method could achieve a factor 3.5 higher side lobe to main lobe ratio, matched-filtering 23 
measured the transit times t1 and t2 more accurately. The average standard deviation for t2 24 
value estimations are 0.13 μs for matched-filtering and 0.18 μs for deconvolution.  25 
Future work will investigate a combination of matched-filtering and deconvolution 26 
technique for improved signal detection and hence improved image fidelity. 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
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Table 1: Side lobe to main lobe ratio. 1 
A-scan 
 
Matched-filtering method 
 
Deconvolution method 
 
Left side lobe 
to main lobe 
ratio in dB 
Right side lobe 
to main lobe 
ratio in dB 
Left side lobe 
to main lobe 
ratio in dB 
Right side lobe 
to main lobe 
ratio in dB 
1 -0.61 -1.49 -2.84 -5.56 
2 -0.74 -1.41 -3.44 -2.52 
3 -0.67 -1.43 -1.93 -2.63 
4 -0.57 -1.24 -3.02 -2.72 
5 -0.57 -1.31 -3.52 -3.23 
6 -0.61 -1.25 -2.38 -2.33 
7 -0.52 -1.40 -1.90 -2.95 
8 -0.70 -1.24 -2.41 -4.98 
9 -0.57 -1.51 -1.74 -5.36 
Mean -0.62 -1.36 -2.58 -3.59 
Median -0.61 -1.38 -2.41 -2.95 
SD  0.07  0.10  0.66  1.31 
  SD: Standard Deviation 2 
 3 
 4 
 5 
Figure 10: t1estimation for each A-scan via deconvolution (crosses) and matched-filtering 6 
(squares). The horizontal line is at the expected value at 171.3 μs. 7 
 8 
 9 
 10 
0 5 10
170.5
171
171.5
172
A-scan
tim
e 
[ s
]
 
 
deconvolution
matched filtered
11 
 
 1 
Figure 11: t2 estimation for each A-scan via deconvolution (crosses) and matched-filtering 2 
(squares). The horizontal lines are at the expected values to be measured by the first, second, 3 
and third row of detectors at 179.1 μs (solid line), 179.5 μs (dashed dotted line), and 179.9 μs 4 
(dashed line). 5 
 6 
 7 
IV. CONCLUSIONS  8 
The derivation of a transit time spectrum is a useful technique to identify signal locations 9 
that have been lost due to phase interference; deconvolution has been shown to be as accurate 10 
as the established matched-filtering approach, while deconvolution provides an improved 11 
side-lobe suppression. Reducing side-lobe artefacts, resulting in a higher main-lobe to 12 
side-lobe ratio, increases the signal to noise ratio and therefore  potentially leading to 13 
higher contrast and artefact reduction in imaging (e.g. Synthetic Aperture Focusing 14 
Technique SAFT).  15 
The results of this Technical Note suggest that a future combination of both techniques 16 
would provide accurate signal detection and hence improved image fidelity. 17 
 18 
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